A 1-D model for exploring the interaction between hydrodynamics, sedimentation, and plant community evolution on a salt marsh populated by Spartina alterniflora is developed. In general macrophyte characteristics are determined by a wide range of processes; here, based on field studies at North Inlet estuary, South Carolina, the biomass of the S. alterniflora on the marsh platform is simply related to the time of submergence under tidally induced flows. Additionally, field data collected at North Inlet are used to relate biomass to plant area per unit volume, stem diameter, and an empirical drag coefficient. Sedimentation is also related to biomass, through either organogenic deposition or trapping of suspended sediment particles, whereas tidally induced flows over marsh platforms are affected by S. alterniflora through drag forces. The morphologic evolution of simulated marshes is explored by varying the sedimentation process and the rate of sea level rise. Different sedimentation processes result in marshes with different morphologies. An organogenic marsh is predicted to evolve under a regime of steady sea level rise into a platform with a relatively flat surface, whereas a marsh developed primarily through a trapping mechanism is predicted to have a surface that slopes gently away from the salt marsh creek. Marshes that accrete through sediment trapping adjust to changes in sea level more rapidly than marshes that accrete through organogenic deposition. Further research needs are discussed.
Introduction
Vegetated salt marshes are a common feature along tectonically quiescent coastal margins. At elevations below mean high tide, the vegetation of southeastern and Gulf Coast salt marshes is typically dominated by a monoculture of the macrophyte Spartina alterniflora, and at higher elevations or in brackish tidal marshes Juncus roemerianis is common.
During times of tidal submergence these species affect the flow of water through their canopies by the drag created by their stems [Kadlec, 1990; Nepf, 1999] and affect the accretion rate of the marsh through subsurface biomass growth, the deposition of leaf litter, and by trapping of sediment by the plant canopy [Gleason et al., 1979; Morris et al., 2002; Ranwell, 1964] . These salt marshes are an ideal location for interdisciplinary studies which combine ecology, hydrology, and geomorphology due to the predictable forcing of the hydrodynamic system (the tides) and the relatively low number of dominant plant species present on the marsh [Randerson,1979] . In addition to affecting the physical morphology and hydrodynamic properties of the marshes they live on, salt marsh macrophytes are a key component of and also have influence on the local ecological community health and structure [Bruno and Bertness, 2001] .
Because of the importance of salt marshes in relation to ecology, pollutant and nutrient buffering and storage, and storm protection, the prediction of the long term health and stability of these environments is a fundamental research goal. Vegetated salt mashes are sensitive to both sediment supply [Baumann et al., 1984] and sea level change [Reed, 1995] .
A number of authors have constructed numerical models that predict the response of salt marshes to sea level change. One class of models for this purpose are zero-dimensional models, where one point is considered representative of an entire marsh [e.g., Allen, 1995; Chumra et al., 1992; French, 1993; Krone, 1987; Morris et al., 2002; Randerson, 1979; Temmerman et al., 2003 ]. The sedimentation rate in these models is a function of sediment supply and either marsh elevation [Allen, 1995; French, 1993; Krone, 1987; Temmerman et al., 2003] or biomass [Morris et al., 2002; Randerson, 1979] . The models of Morris et al. [2002] and Randerson [1979] also predict biomass production and standing biomass on the marsh, whereas the others use either a steady organogenic sedimentation rate or an organogenic sedimentation rate that is a function of the marsh elevation. The studies that model the sedimentation rate as a function of marsh elevation assume that sedimentation rate is a steeply decreasing function of marsh elevation, based on the empirical findings of Pethick [1980; 1981] . The empirical findings of Pethick [1980; 1981] are similar to the observation by Krone [1987] that sedimentation decreases with shorter times of marsh inundation due to the decreased likelihood that suspended sediment is advected onto the marsh platform. If the sedimentation rate on the marsh platform is a steeply decreasing function of marsh elevation, then the marsh platform will always be able to keep pace with relative sea level rise because an accelerated sea level rise will be met with an associated rise in the sedimentation rate. Morris et al. [2002] , however, argue that the salt marsh system may be unstable and may drown at a rate of sea level rise faster than some critical rate of sea level rise, mirroring the observations of [Allen, 1995] .
Although zero-dimensional models have yielded insights into the long term growth and stability of salt marsh platforms, they do not address the spatial variations of marsh properties found in natural marshes. Field studies have shown that there are strong spatial gradients in flow velocity, turbulence [Leonard and Luther, 1995] , suspended sediment concentrations [Christiansen et al., 2000] , and sedimentation rates [Stumpf, 1983] within vegetated salt marshes. Standing biomass also varies spatially, typically being highest near salt marsh creeks where flushing of the salt water occurs regularly and declining in locations which are either constantly inundated or where tidal flooding occurs irregularly such that evapotranspiration leads to high saline levels that inhibit macrophyte growth [Mendelssohn and Morris, 2000; Morris et al., 2002; Phleger, 1971; Valiela et al., 1978; Webb, 1983] .
Both Allen [1994] and Woolnough et al. [1995] have presented spatially distributed models of salt marsh evolution, but neither of these models include dynamic change in the macrophyte community. In this contribution we develop a model that combines the flow hydrodynamics, sediment transport and deposition, and biomass dynamics on simulated salt marsh platforms.
The biomass of salt marsh macrophytes depends on a large number of biotic and abiotic factors, including but not limited to soil salinity, soil redox potential, water table depth [Sanchez et al., 1998 ], nutrient and sediment loading, oxygen availability, and competition between plant species [Pennings and Callaway, 1992] . For reviews of the factors influencing plant zonation and productivity in salt marshes see Mendelssohn and Morris [2000] , Silvestri and Marani [this volume] and references therein. Here we take a simplified approach and suppose that aboveground biomass production is only linked to duration of inundation [Boorman et al., 2001; Olff et al., 1988; Pethick, 1984] . The duration of inundation is a surrogate for a number of variables that have a more direct influence on production such as soil salinity and oxygen. Furthermore, we consider only one plant species, Spartina alterniflora, which is ubiquitous in salt marshes of the gulf and east coasts of the United States. In reality, as shown in the studies of Bockelmann et al. [2002] , Sanchez et al. [1996] , and Silvestri et al. [2002] , biological zonation is a fundamental characteristic of marsh vegetation, with specific plant communities living at different marsh elevations or for different inundation frequencies and durations. Expansion of invasive species from the upland area (e.g., Phragmites) can also modify sediment accretion and flow dynamics, thus influencing the long term morphological evolution of the marsh [Leonard et al., 2002; Rooth et al., 2003] . Furthermore, other factors can influence the spatial distribution of biomass in a salt marsh, as, for example, spatial variation in nutrient availability or in the amount of oxygen available for roots aerobic respiration [see Mendelssohn and Morris, 2000; Sanderson et al., 2001; Sanderson et al., 2000] . These processes are not incorporated in the present model. This notwithstanding, our model is able to mimic the vegetation encroachment on emerging tidal flats, separating vegetated from non-vegetated areas. This is the fundamental aspect of the coevolution of landscape and vegetation, and has important consequences for both sedimentation and tidal hydrodynamics.
In the future our approach can be generalized to account for the presence of different plants in competition, provided that precise relationships between biomass and duration of inundation are available for each species, together with a quantitative estimate of the effect of competition on biomass distribution. We begin by summarizing the model formulation in the section 2. The model is divided in three components that account for the tidal hydrodynamics, the aboveground biomass production, and sediment transport and deposition in a salt marsh. Next we run a selected number of simulations to predict the evolution of the marsh surface under a variety of assumptions. In particular, we carry out two series of simulations, first for marshes that accrete through organogenic deposition, and then for marshes that accrete through trapping of suspended sediment by the macrophytes, either with or without sea level rise.
Model Formulation
The model simulates the evolution of the marsh surface on a transect perpendicular to a tidal creek. The hydrodynamic component of the model calculates water velocities and water levels as a function of the tidal signal (here supposed sinusoidal for simplicity) and drag forces produced by the vegetation canopy. Inorganic sediment is assumed to be carried on the marsh surface from the creek whereas organic material is locally produced by macrophytes. Sediment deposition on the marsh surface is thus divided into three components: sedimentation due to particle settling, trapping by salt marsh macrophytes, and organic deposition. Furthermore, given the low velocity of water on typical marsh surfaces [e.g., Christiansen et al., 2000; Davidson-Arnott et al., 2002; Luther, 1995, Shi et al., 2000] , we neglect erosion in the model. Vegetation influences both hydrodynamics (through the drag coefficient) and sediment deposition (sediment trapping and organic deposition). We directly link drag, organic deposition, and trapping to the aboveground vegetation biomass. To determine the vegetation biomass we derive, from the hydrodynamic model, the duration of inundation at each marsh location, and calculate, through appropriate relationships, the aboveground biomass production.
Since we utilize a sinusoidal tide, we do not consider neap-spring tide cycles. Furthermore vegetation is assumed uniform and dominated by one species (Spartina alterniflora), so that the model applies only to undisturbed marshes with native vegetation. The model considers neither deposition of wrack onto the marsh surface, nor the explicit accretion of the products of belowground production, though we assume that accretion of sediment organic matter is proportional to aboveground production. Finally, throughout the manuscript, we always refer to aboveground biomass.
Hydrodynamic component
Tidally induced flow on vegetated salt marsh platforms are governed by a balance of the force due to the drag generated by plant stems and the gravitational force due to the slope of the water surface on the marsh [Nepf, 1999] . Inertial terms in tidally induced flows may be neglected [Rinaldo et al., 1999] . Field data show that the water surface slope can be significant, for example Christiansen et al. [2000] recorded an ~8 cm difference in water surface elevation at high tide between the bank of a tidal creek and a station 7.5 m from the bank. The balance of gravity and drag forces in one dimension is:
(1) where g is gravitational acceleration (L T −2 ), ζ is the elevation of the water surface (L), x is horizontal distance from the tidal creek (L), h is the flow depth (L), U is the fluid velocity (L T −1 ), is the bulk drag coefficient of the vegetation (dimensionless), a is the projected plant area per unit volume (L −1 ), d is the stem diameter (L), and C b is the bed drag coefficient (dimensionless). The calculation of a and will be discussed in section 2.2. The first term on the right is the force due to drag generated by plant stems, and the second term on the right is the force due to the bed drag. The bed drag term is negligible with respect to the plant generated drag except for very shallow flows. The flow depth, h, may be written as (2) where η is the elevation of the marsh surface (L). Both ζ and η are measured relative to some arbitrary baseline. Equation (1) may be solved for velocity:
where is a function that takes the value 1 if the water surface slope is positive and −1 if the water surface slope is negative. If one assumes the time rate of change of marsh surface elevation is negligible compared to the change in the elevation of the water surface for flow calculations, the one-dimensional continuity equation is: (4) Equation (4) does not account for the change in elevation due to infiltration of water into the salt marsh. A scaling analysis determined that for the sediment at North Inlet, South Carolina (hydraulic conductivity =~4 × 10 −6 m s −1 , Morris [1995] ), infiltration may be neglected. For marshes with greater hydraulic conductivities, wetting and drying processes (including infiltration) may become important. Wetting and drying processes are neglected in this study in the interest of simplicity. Equation (3) may be inserted into the continuity equation to give the governing equation for flow hydrodynamics on a one-dimensional vegetated salt marsh:
(5) Equation (5) was solved using an explicit predictor-corrector (PC) finite volume method. This method introduces slight errors in the location of the wetting and drying front, which may affect the time of flood propagation on the marsh. A more accurate estimate of the location of the wetting or drying front could be obtained using a shock capturing numerical scheme [e.g., Bradford and Sanders, 2002] , or statistically describing the bottom irregularities and then modifying accordingly the continuity equation [Defina, 2000] . However, uncertainties introduced by using the explicit predictor-corrector method are limited, since both the propagation of the wetting front and the vegetation drag do not considerably change the flooding periods in a flat marsh of limited extension [Mudd and Furbish, 2002] . Boundary conditions are discussed in section 3. Morris et al. [2002] carried out field measurements that quantified a relationship between the depth of S. alterniflora below mean high tide (MHT) and their biomass production. The depth below mean high tide dictates the duration of inundation on an intertidal marsh surface, and the duration of inundation will affect soil salinity [Morris, 1995] , as evapotranspiration can increase the salinity of pore waters if the pore waters are not regularly flooded. A number of researchers have shown that heightened pore water salinity caused by evapotranspiration can limit growth or be fatal to salt marsh macrophytes when flooding occurs infrequently [e.g., Morris, 2000; Phleger, 1971; Webb, 1983] .
Biomass component
The field data of Morris et al. [2002] showing a relationship between the depth below MHT and biomass were collected at discrete points on a salt marsh and over time. At a single point on a salt marsh, the depth below MHT will be closely related to the time interval that point is inundated in a tidal cycle, and the duration of inundation and biomass will change with variability in mean sea level [Morris, 2000] . Bockelmann et al. [2002] found that inundation frequency (which may relate to the duration of inundation on a given point
on a marsh) was a better predictor of macrophyte zonation than marsh elevation and that MHT on the marsh was not merely a function of marsh elevation but also of the location of the study site. This difference in MHT between sites is presumably due to damping of the tidal wave due to vegetation and the marsh creek structure. Because the duration of inundation may be a better predictor of biomass than marsh elevation, the model uses a measure of the time of inundation to determine biomass. An inundation ratio (τ i , dimensionless) can be defined that compares the time the platform is inundated during one tidal cycle (t i , T) to the period of the tidal cycle (P, T):
The relationship between the depth below mean high tide and the inundation ratio for a given location on a salt marsh will depend on the tidal amplitude. The tidal range at North Inlet estuary in South Carolina, the site of the experiments of Morris et al. [2002] , is 1.4 m. For depths below mean high tide in the range of 0.1-0.60m (the range of depth reported in Morris et al. [2002] over which biomass is present), the relationship between inundation time (and consequently inundation ratio) and depth below mean high tide can be approximated as linear (see Figure 1 ), although as shown in Figure 1 the linear approximation will diverge from the idealized inundation time for locations on the marsh where the marsh surface elevation is near the mean high tide or mean low tide. Morris et al. [2002] report that the vertical range of S. alterniflora does not appear to extend to depths greater than the depth assumed to be the optimum for biomass production. They argue that at depths greater than the optimum, anomalies in mean sea level
6 PREDICTIVE MODEL OF MARSH EVOLUTION Figure 1 . Solid line is the inundation time as a function of depth below mean high tide for a location in the tidal creek (i.e. unaffected by flow effects present on a marsh platform). Apart from depths near the upper and lower bounds of the tidal range, the inundation time as a function of depth below mean high tide can be reasonably approximated by a linear function.
periodically 'prune' back the vegetation due to hypoxia resulting in a truncated biomass distribution. In this paper we assume that there exists a threshold phenomenon in which at any depth greater than the depth below MHT of maximum biomass production the macrophyte community drowns. The data of Morris et al. [2002] are thus adequately fit using a linear function with a threshold depth below MHT below which the salt marsh macrophytes drown (see Figure 2) . The linear biomass function can be formulated as (7) where B ps is the peak season biomass (M L −2 ), B max is the biomass at the maximum inundation time (M L −2 ), τ imax is the maximum inundation ratio for which the salt marsh macrophytes can survive (dimensionless), and τ imin is the minimum inundation ratio required for the survival of the salt marsh macrophytes (dimensionless).
The biomass will vary through the seasons, peaking in the summer months [Morris and Haskin, 1990] . This effect can be approximated by (8) where B is the biomass (M L −2 ), m is the month, with m = 1 corresponding to January, and ω is a dimensionless factor.
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Figure 2. Biomass as a function of depth below mean high tide. The open circles represent data collected at a field site in North Inlet estuary, South Carolina. The solid line is a linear fit that has a critical depth below MHT (dotted line). Below the critical depth we assume that hypoxia limits further range expansion, while biomass trends toward zero near MHT due to dessication and salt stress. 
where B dec is the biomass in December (M L −2 ). The factor ω is assumed to be the same for all Spartina on the marsh and is not a function of the peak season biomass. It is equal to one if there is no seasonal variation in biomass, and will be zero if the Spartina community dies in the winter.
Eighteen years of data on stem density and biomass were collected at North Inlet estuary in South Carolina as part of a long term study on primary production of salt marsh macrophytes [Morris and Haskin, 1990] . Empirical relationships between biomass and projected stem area per unit volume (a) and biomass and stem diameter (d) have been calculated for Spartina using data from North Inlet for the years 1984 to 2002 (Figure 3 ). These empirical functions are power laws of the form: (10) (11) where α 1 , α 2 , δ 1 , and δ 2 are all empirical coefficients. Both α 2 and δ 2 are dimensionless and the units of α 1 and δ 1 will depend on the exponent coefficients.
Nepf [1999] proposed that the bulk plant drag coefficient, is a function of the product of the projected plant area per unit volume and the stem diameter (ad). Because both a and d are functions of biomass, is also a function of biomass. Relating the biomass to the product of the projected plant area per unit volume and the stem diameter using data from North Inlet estuary, and then relating this to the drag coefficient of Nepf [1999] gives an empirical function for the drag coefficient as a function of biomass, which may be approximated as linear (Figure 4) : (12) where S cd is the slope of the linear fit between drag and biomass (L 2−1 ), and is the bulk drag coefficient as the product ad approaches zero (dimensionless).
Sediment transport component

Conservation of suspended sediment
It is assumed in the model that sediment transport in one dimension is dominated by advection. The governing equation of sediment transport used in the model is (13) where C is the sediment concentration (M L −3 ), S s is the sedimentation rate per unit area due to particle settling (M T −1 L −2 ), S t is the sedimentation rate per unit area due to trapping by salt marsh macrophytes (M T −1 L −2 ), and S org is the sedimentation rate per unit area due to organic deposition (M T −1 L −2 ). Previous studies have used a number of equations to solve for S s , S t , and S org , but there is a relative lack of experimental or field
dec ps , data to support these equations. As demonstrated by Morris et al. [2002] , Gleason et al. [1979] , and Randerson [1979] , salt marsh macrophytes play a critical role in determining the sedimentation rate. These experiments found that the sedimentation rate within emergent vegetation is an increasing function of aboveground biomass [Morris et al., 2002; Randerson, 1979] or stem density [Gleason et al., 1979] . These two observations may seem contradictory, because the time of peak biomass and the time of peak stem density (stems per area) in a salt marsh macrophyte community are out of phase by several months [Morris and Haskin, 1990] . This effect is due to self thinning, where mature plants with greater stem diameters crowd out smaller plants, thus reducing the number of stems per area at the time of peak biomass. The reason for this apparent discrepancy in measurements of sedimentation rate as a function of the macrophyte community is that the Gleason et al. [1979] experimental study used planted sprigs, in which the average diameter of the sprigs was the same for varying stem densities. Therefore in the case of the Gleason et al. [1979] study the stem density was an increasing function of biomass. Sedimentation through settling, trapping, and organogenic deposition will change the elevation of the marsh surface. This change is (14) where C η is the concentration of sediments on the marsh surface (M L −3 ), and R c is a surface lowering rate due to the autocompaction of the sediments that make up the marsh (L T −1 ).
Sedimentation due to settling
The sedimentation due to settling will be (15) where w se is the effective settling velocity that is a function of the dissipation of kinetic energy caused by plant stems [Christiansen et al., 2000; Leonard and Luther, 1995; Lopez and Garcia, 1998] , and is therefore a function of biomass. 
Organogenic sedimentation
In the model of salt marsh platform development presented by Randerson [1979] , a linear relationship between sedimentation and biomass is used, based on field measurements. This linear relationship may be appropriate for settings in which organic deposition is dominant, as the data of Randerson [1979] show that this linear relationship between biomass and accretion rate breaks down at sites with higher inorganic sediment content. The sedimentation due to organic deposition used in the model follows Randerson [1979] , and is (16) where k B is a rate coefficient (T −1 ).
2.3.4. Sedimentation due to trapping Morris et al. [2002] assume a priori that sediment trapping is linearly related to biomass, and add a sediment loading term which is assumed to be constant in time, although they do point out that sediment loading will depend on sediment supply and distance from the tidal creek. Here we hypothesize that the trapping of sediment should be proportional to the amount of sediment suspended in the flow. The trapping efficiency should also be related to the probability that a particle in suspension will encounter a plant stem. This probability will be directly related to the projected area of the plant stems per unit volume of fluid. The projected area of plant stems per unit volume of fluid is an increasing function of biomass (see equation 10). The sedimentation rate due to trapping for the model is formulated as: (17) where T max is the maximum trapping rate (T −1 ) and a max is the maximum projected plant area per unit volume (L −1 ).
Simulations
In the simulations the initial marsh surface is a 125 meter wide flat surface bordered by a gently sloping surface (slope = 0.01) on the landward side (Figure 5a) . The values for the parameters used in the model are shown in Table 1 . For simplicity, the tidal forcing is modeled as a sinusoid with a period of 12 hours. The tidal amplitude was set to be 1 meter. Parameters have been selected to roughly approximate physical conditions at North Inlet, South Carolina. The water surface elevation predicted by the tidal sinusoid constitutes the boundary condition at the tidal creek. In each of the simulations, one tidal cycle is assumed to be representative of a month of flooding and sedimentation, because the computational expense of modeling continuous flows is prohibitive. The amount of deposition during one tidal cycle is then multiplied by the number of cycles in the month, and the elevation of the marsh surface (η) is updated.
Two series of simulations were performed, the first series being performed on marshes that accrete through organogenic deposition, and the second series being performed on marshes that accrete through trapping of suspended sediment by the salt marsh macrophytes. Because of the large uncertainties in calculating the effective settling velocity (see section 5.4) we have not performed simulations involving the term S s . This is equivalent to assuming that either organic deposition or suspended sediment trapping is the dominant accretion process. We recognize that other sedimentation processes exist and multiple sedimentation processes can operate over a salt marsh concurrently, but in the interest of simplicity only one sedimentation mechanism is chosen for each of the two series of numerical simulations. In practice, S s and S t are both set equal to zero for the organogenic marsh simulations, and S s and S org are set equal to zero for the trapping simulations. During a given simulation, the relative rate of sea level rise (RRSLR) is constant, but RRLSR is varied for different simulations. The relative rate of sea level rise is sum of the rate of compaction and the actual rate of sea level rise (RRSLR = RSLR + R c where RSLR is the rate of sea level rise measured by a stationary datum). Both the rate of sea level rise measured by a stationary datum and compaction rate may be complex functions of time, but for simplicity both Rc and RSLR were assumed to be constant in space and time for each of 
where D is the deposition rate as a function of time and space (L T −1 ) and is a scaling rate (L T −1 ). For the simulations with a rising sea level, is chosen to be the rate of relative sea level rise, so if the deposition rate exactly matches RRSLR then D * is equal to one. In model simulations with a RRSLR = 0, the scaling rate is chosen to be the deposition rate at t = 75 yrs. The second dimensionless parameter is the dimensionless biomass: (19) 
Long term adjustments to sea level rise of a marsh that accretes through organogenic deposition
Long term simulations of 75 years were performed to investigate the effect of the relative rate of sea level rise (RRSLR) on the evolution of the marsh surface. The evolution of the surface of marshes that accrete through organogenic deposition is shown in Figure  5b rise tend to slope away from the salt marsh creek at the end of 75 years more than marshes that experience higher rates or relative sea level rise.
The spatial and temporal pattern of deposition and biomass on marshes that accrete through organogenic deposition is shown in Figure 6 . Since the inundation ratio varies only weakly, the biomass is almost constant across the initially flat marsh surface (Figure 6d ,e; the steep drop in biomass at distances greater than 125 m from the tidal creek is due to the sloping surface of the initial topography). As shown in Figures 6f, the average biomass at a given point on the marsh approaches a steady value that is a function of the rate of relative sea level rise. Whether the simulated marshes approach this steady average biomass value by slowly increasing or decreasing through time will depend on the parameterization of equation (7) and the initial tidal conditions that determine the inundation ratio.
For organogenic marshes, where deposition is linearly related to biomass (equation (17)), the consequence of the weak spatial variation in biomass is a correspondingly weak spatial variation in the deposition rate (Figure 6a,b) . Here we are assuming that organic matter accretion, whether from above or belowground production, is proportional to aboveground biomass. Adjustments of the deposition rate to sea level rise do not appear to be strong functions of the discrepancy between the instantaneous deposition rate and the RRSLR. Most of the temporal trajectories of the deposition rate for organogenic marshes can be approximated with linear functions (Figure 6c ). The dimensionless deposition rate varies in this approximately linear way towards unity, unless the drowning process begins. By drowning processes we mean the processes by which the sedimentation rate cannot keep pace with the relative rate of sea level rise and the marsh eventually becomes submerged. None of the simulations had a RRSLR high enough to induce drowning of the marsh macrophytes. Figure 7 shows the evolution of the marsh surface for marshes that accrete through trapping of suspended sediment. At the initial stages of marsh evolution, sediment deposition is greatest near the salt marsh creek (Figure 7a surface that gently slopes away from the salt marsh creek develops, the deposition rate adjusts to be homogeneous across this steady portion of the marsh (that portion of the marsh which is not advancing landward up the sloped surface), and the sloping surface simply accretes at the rate of sea level rise. The stable configuration is qualitatively similar to marsh profiles surveyed by Christiansen et al. [2000] , but this steady morphology does not include the sharp levee surveyed in other studies [e.g., Temmerman et al., 2003] . The initial deposition patterns of marshes that accrete through a trapping mechanism are more spatially heterogenous than the deposition patterns of the organogenic marshes. In the first several years of marsh evolution there is a strong spatial gradient in deposition rate from the tidal creek moving landward (Figure 8a) , with the highest deposition rates being near the salt marsh creek. After 75 years, however, the marshes have achieved steady state across much of their surface (Figure 8b ). Figure 8c shows the nonlinear approach to steady state taken by the deposition rate at a point 5m from the marsh creek. At the beginning of the simulation sediment is deposited at a rate greater than the rate of relative sea level rise. As a consequence, the marsh elevation increases thus reducing the submergence period and sedimentation rate. This is equivalent to the field findings of Pethick [1980; 1981] in which the sedimentation rate is an exponentially decreasing function of marsh elevation.
Long term adjustments to sea level rise of a marsh that accretes through sediment trapping
The spatial distribution of average biomass (Figure 8d ,e,f) is weakly decreasing as one moves away from the tidal channel (until the sloping surface initially at 125 m is encountered). Greater rates of relative sea level rise lead to greater average annual dimensionless biomass, up to a critical rate of relative sea level rise, in which the average biomass will decrease abruptly to zero over time. Figure 9 shows the depth below mean high tide of the marsh surface for a point on the marsh at x = 5 m after the point has achieved a steady state. The exact depth will vary based on the parameterization of the biomass and sedimentation equations (equations (7), (8), and (17)) and the distance from the tidal creek, but the emergent trend is that the depth below mean high tide of the steady state surface of the marsh is an increasing function of the relative rate of sea level rise (Figure 9 ).
Long term evolution of marshes with no relative sea level rise
Simulations were also performed for marshes undergoing no relative sea level rise. The spatial patterns of deposition, biomass, and marsh morphology are compared for different sedimentation processes in Figure 10 . As in the simulated marshes experiencing sea level rise, the initial deposition rate for marshes accreting through sediment trapping are very high, in contrast to the initially slower deposition rates on marshes accreting through organogenic deposition (Figure 10b) . The difference in the marsh morphology at this early stage of marsh evolution can be seen in Figure 10a . As the marsh surface accretes and approaches the elevation of the mean high tide, a filling process occurs away from the salt marsh creek in the marshes accreting through sediment trapping, and the sloping surface that develops in the early stages of marsh evolution evolves into a flatter surface that is similar to the surface that develops on the organogenic marsh (Figure 10d ). The implication of this is that if the marsh develops under a regime of steady sea level rise, the marsh morphology will be different for marshes favoring one deposition process, whereas if sea level rise occurs as a series of punctuated periods with intervening periods of no change Figure 9 . Depth below mean high tide of a point on marsh that accretes through sediment trapping 5 m from the salt marsh creek at steady state (D * = 1). in sea level, then marsh morphology will be similar except in the period immediately following sea level rise.
The difference of marsh adjustment and evolution in time for the two sedimentation processes can be seen in Figure 10g ,h,i. The deposition and marsh elevation as a function of time have a much weaker nonlinear trend than marshes accreting through sediment trapping. For these marshes, as the marsh surface adjusts and the average flow depth decreases, the average biomass begins to fluctuate, due to the increased influence of nonlinear terms in the flow equations for shallow flows. As flows become shallower drag forces become larger, and therefore inundation time is more sensitive to biomass feedbacks.
Conclusions
The exploratory simulations presented in this contribution demonstrate the feasibility of combining ecological and hydrodynamic components in spatially distributed predictive models of salt marsh platform evolution. The morphology of salt marshes depends on depositional processes, which have been shown to be sensitive to the distribution of salt marsh macrophytes, which in turn are affected by tidal hydrodynamics. Understanding the interactions between these physical and biological components is a key to predicting the long term evolution and health of salt marshes. Simulations show that the temporal and spatial pattern of salt marsh evolution vary strongly depending on the sedimentation process acting upon the marsh surface. These spatial patterns can account for the observation that no consistent range of elevation for the realized limits of growth of S. alterniflora have been demonstrated [Mckee and Patrick, 1988] . Marshes accreting through organogenic deposition tend to develop a relatively flat surface as the deposition rate approaches steady state (deposition rate equals the rate of sea level rise), whereas marshes that experience sediment trapping develop a surface that slopes away from the tidal creek. This is due to the decreased availability of sediment in the water column as one moves away from the tidal creek, because of the sediment trapping closer to the creek.
In the first phase of marsh formation the deposition rate is stronger for marshes that accrete through sediment trapping than for organogenic marshes. The empirical observations of Pethick [1980; 1981] , where the accretion rate is a strongly decreasing function of marsh elevation, is mirrored only in the temporal pattern of deposition for the marshes that accrete through trapping. Finally, biomass varies weakly with space in all simulations, with a noteworthy variation in time only for marshes accreting by sediment trapping. In this contribution we have demonstrated that ecological processes may be coupled to flow processes and sedimentation through empirical constitutive equations based on ecological field data and laboratory results. More research is needed to verify these equations as well as to determine the range of variability of the parameters involved.
Future Research Needs
General Remarks
The exploratory simulations performed by the model demonstrate the feasability of modeling the spatial and temporal variation of sedimentation and standing biomass on vegetated salt marsh platforms. The model is a step toward a fully predictive model of salt marsh platform evolution in both a geomorphic and ecologic sense, but is limited to marshes vegetated with Spartina alterniflora and specific sedimentation processes. A fully predictive model (one that could be constrained by parameters measured in the field and confirmed by field and laboratory studies) could ultimately be used to investigate the long term effects of important variables that impact salt marsh evolution such as sediment supply and sea level rise. The exercise of constructing the model for this contribution has brought to our attention a number of deficiencies in the current understanding of salt marsh processes which need to be addressed before the goal of a fully predictive model may be achieved.
Research needs for flow hydrodynamics
The work of Nepf [1999] represents the most recent understanding of flow processes through emergent vegetation. The Reynolds number based on stem diameter (Re d = (Ud)/ν where ν is the kinematic viscosity (L 2 T −1 )) performed in the experiments of Nepf [1999] were between 4000 and 10000. In flows over vegetated salt marshes values of Re d that are less than 200 are common [Christiansen et al., 2000; Davidson-Arnott et al., 2002; Leonard and Luther, 1995; Leonard et al., 2002; Nepf, 1999; Shi et al., 2000; Yang, 1999] . In flows around a single cylinder a transition in the relationship between Re d and C d occurs at Re d~2 00 [Furbish, 1997] . At Re d >~200, C d does not change in relation to Correctly predicting flow velocity is important in predicting inundation time of the salt marsh platform, as well as the advection of sediments and nutrients onto the platform. If the hypothesis that the drag coefficient as a function of Re d in arrays of cylinders behaves similarly to the behavior of the drag coefficient of a single cylinder is correct, then there will be more resistance due to drag than predicted by equation (12). Greater flow distance will lead to slower flow velocities and greater spatial variation of both sedimentation and standing biomass than predicted by the exploratory model presented here.
Research needs for salt marsh macrophyte dynamics
We have assumed a simple linear relationship between inundation ratio and biomass based on the field data of Morris et al. [2002] collected at North Inlet estuary, South Carolina. This relationship may not be appropriate for marshes populated with different species in different geographic locations [e.g., Silvestri and Marani, this volume] . We chose the data of Morris et al. [2002] because it demonstrated a clear relationship between an abiotic variable (depth below MHT) and biomass, and because the 18-year data set of marsh stand characteristics at North Inlet allowed us to quantify the relationship between biomass and stem diameter and stem density. Similar data sets that relate biomass to stem diameter and stem density to biomass will need to be collected at other locations and for other plant species if the model is to be generalized. Although a significant body of work on biotic and abiotic factors that affect salt marsh macrophyte growth exists [e.g., Silvestri and Marani, this volume, and references therein], more experimental and field research could be conducted in a spatially distributed framework.
Research needs for sedimentation
As discussed in sections 1., 2., and 3., there have been a number of hypotheses on the mechanics of sedimentation of vegetated salt marsh platforms. The experimental data of Morris et al. [2002] demonstrate that standing biomass is positively correlated with the sedimentation rate and that there is little sedimentation during the winter months when there is little standing biomass. Neubauer et al. [2002] also found minimal deposition in the winter months, although the standing biomass was not measured in that study. The equations for settling deposition that do not include a dependance on biomass miss a critical aspect of salt marsh accretionary processes, and the models using these equations are inadequate for predicting the drowning of vegetated salt marshes that is a result of the inability of marsh accretion to keep pace with relative sea level rise.
Settling of suspended sediments onto the salt marsh platform occurs when the downward settling of particles exceeds their upward diffusion due to turbulence. The turbulent dissipation caused by plant stems will reduce the upward turbulent diffusion, and increase accretion rates. Lopez and Garcia [1998] model this upward diffusion based on a gradientflux model. Calculating the effective settling rate using this model would give (20) where w s is particle settling velocity (L T −1 ), C µ is and empirical constant, σ c is the Prandtl-Schmidt number for sediment particles (dimensionless), κ is the turbulent kinetic energy per unit mass, and ε is the turbulent dissipation rate. Solving equation (20) would require knowledge of the vertical concentration field. To solve for the vertical concentration field, the vertical velocity field would also have to be calculated, adding considerable complexity and computational expense. Nepf [1999] has demonstrated that the turbulent kinetic energy in emergent vegetation can be described by (21) with (22) where β 1 is an O(1) scale coefficient. The use of equation (21) becomes limited for Re d < 200, however. Experimentation is necessary to gain a better understanding of both the turbulent energy and dissipation as a function of biomass (a, d, and C d are all functions of biomass, so k and ε are also functions of biomass) at Re d < 200, as well as the effective settling velocity as a function of biomass at these low Reynolds numbers. Understanding the turbulence and how it is affected by salt marsh macrophytes is critical because it has been suggested by a number of researchers [e.g., Leonard and Luther 1995] that the reduction in turbulent energy from the tidal creek to the marsh is a dominant factor in controlling marsh platform sedimentation. This drop in turbulent energy is the likely cause of the distinct levees near the marsh creek that are not predicted by the model presented in this contribution.
Another important feature of vegetated salt marsh platforms is subsidence due to the autocompaction of sediment. Cahoon et al. [1995] found that vertical distance of autocompaction was of the same magnitude as the vertical accretion at four field sites. Pizzuto and Schwendt [1997] calculated autocompaction rates for a coastal wetland on the order of 1 mm yr −1 using a finite-strain numerical model with stain coefficients determined by field measurements. Knott et al. [1987] found that compressibility is directly related to organic content. This may require the next generation of models to track the relative amounts of organic and inorganic deposition in order to correctly predict autocompaction as a function of marsh characteristics, rather than using a uniform relative rate of sea level rise as was done in this study. 
